Syed Z, Lin HS, Mateika JH. The impact of arousal state, sex, and sleep apnea on the magnitude of progressive augmentation and ventilatory long-term facilitation. J Appl Physiol 114: 52-65, 2013. First published November 8, 2012 doi:10.1152/japplphysiol.00985.2012We examined the impact of arousal state, sex, and obstructive sleep apnea (OSA) on the magnitude of progressive augmentation of the hypoxic ventilatory response and ventilatory long-term facilitation (vLTF). We also examined whether exposure to intermittent hypoxia during sleep has an impact on the apnea-hypopnea index (AHI) in individuals with OSA. Ten men and seven women with OSA, along with ten healthy men and ten healthy women, were exposed to twelve 2-min episodes of hypoxia (end-tidal PO 2: 50 Torr) in the presence of sustained hypercapnia (end-tidal PCO 2: 3 Torr above baseline), followed by a 30-min recovery period during wakefulness and sleep. The OSA participants completed an additional sham study during sleep. The AHI during the first hour of sleep following the intermittent hypoxia and sham protocols were compared. Progressive augmentation was only evident during wakefulness and was enhanced in the OSA participants. vLTF was evident during wakefulness and sleep. When standardized to baseline, vLTF was greater during wakefulness and was enhanced in the OSA group (men: wakefulness 1.39 Ϯ 0.08 vs. sleep 1.14 Ϯ 0.03; women: wakefulness 1.35 Ϯ 0.03 vs. sleep 1.16 Ϯ 0.05 fraction of baseline; P Յ 0.001) compared with control (men: wakefulness 1.19 Ϯ 0.03 vs. sleep 1.09 Ϯ 0.03; women: wakefulness 1.26 Ϯ 0.05 vs. sleep 1.08 Ϯ 0.04 fraction of baseline; P Յ 0.001). The AHI following exposure to intermittent hypoxia was increased (intermittent hypoxia 72.8 Ϯ 7.3 vs. sham 56.5 Ϯ 7.0 events/h; P Յ 0.01). Sex-related differences were not observed for the primary measures. We conclude that progressive augmentation is not evident, and the magnitude of vLTF is diminished during sleep compared with wakefulness in men and women. However, when present, the phenomena are enhanced in individuals with OSA. The AHI data indicate that, under the prevailing experimental conditions, vLTF did not serve to mitigate apnea severity. men; women; wake; sleep; apnea-hypopnea index; intermittent hyp-
EXPOSURE TO ACUTE INTERMITTENT hypoxia elicits two forms of respiratory motor plasticity: progressive augmentation of the hypoxic ventilatory response (HVR) and ventilatory long-term facilitation (vLTF) (11, 34, 42, 49, 54, 63, 77, 78, 80) . The HVR is characterized by an increase in minute ventilation that occurs during exposure to hypoxia. During an intermittent hypoxia protocol, which is typically composed of a series of hypoxic episodes of short duration, minute ventilation gradually increases from the initial to the final hypoxic episode (21, 34, 63, 80) . This enhancement of the HVR is characteristic of progressive augmentation. On the other hand, vLTF is characterized by a sustained proliferation of respiratory motor activity following exposure to intermittent hypoxia for up to 90 min after the final hypoxic stimulus is removed (39, 41, 42, 48) . Both phenomena have been recorded in numerous animal models, including humans. However, variability with respect to the manifestation and magnitude of each phenomenon persists between and within species. Several factors, including sex, arousal state, and prior exposure to hypoxia, may lead to differences in the magnitude of progressive augmentation and vLTF in humans and other animals (see reviews, Refs. 41, 42) . However, these possibilities have not been fully explored in humans. Variation in the magnitude of progressive augmentation and vLTF might be important because of the potential link between these phenomena and breathing stability or lack thereof in humans (41, 42) . More specifically, enhancement of the HVR has been linked to breathing instability in individuals residing at high altitude (16) and in individuals suffering from sleep apnea (16) . In contrast, it has been hypothesized that initiation of vLTF might promote breathing stability (41) (see DISCUSSION, Physiological Significance: Respiratory Plasticity and Breathing Events, for further elaboration).
Mitchell et al. suggested initially that LTF may be more robust in anesthetized or decerebrate animals compared with awake animals (48) . This led to the hypothesis that the manifestation of vLTF is impacted by differences in arousal state (39) . The rate of discharge of serotonergic neurons located in the raphe nucleus is considerably diminished during sleep compared with wakefulness, where the rate of discharge is close to maximal (25, 28, 29, 79) . Since the release of serotonin from raphe neurons has been shown to be necessary in initiating vLTF (3, 36, 45, 47) and may have a role in the expression of progressive augmentation (5, 60), we speculated that arousal state-dependent differences in the dynamic range of activation of these neurons may impact on the manifestation of both phenomena in humans. The predominant finding in rat models is that the magnitude of vLTF is greater during sleep compared with wakefulness (51, 76) . Studies investigating the effect of arousal state on progressive augmentation in rats or mice have not been completed to our knowledge. Similarly, no study has systematically examined the impact of arousal state on the magnitude of progressive augmentation and vLTF in humans. Nonetheless, a comparison of published results obtained from studies completed in humans during wakefulness or sleep (42) indicates that the magnitude of these responses is seemingly greater during wakefulness. However, because the studies differed on many levels (i.e., type of population, level of sustained carbon dioxide, number and duration of hypoxic episodes), it remains unclear if differences noted are related to arousal state or other factors related to the experimental design. Thus the present investigation was designed in part to investigate whether or not arousal level impacts on the magnitude of vLTF.
In addition to arousal state, sex may also have an impact on the manifestation of respiratory plasticity. Normal testosterone levels are required for LTF of phrenic and hypoglossal nerve activity in male rats, since decreased testosterone levels and gonadectomy diminish LTF (84) . Likewise, LTF of both phrenic and hypoglossal nerve activity is reinstated following testosterone replacement in gonadectomized male rats (85) . In females, LTF is impacted by the estrous cycle, and the magnitude is inversely related to the ratio of progesterone to estrogen (86) . In humans, the magnitude of vLTF is not different in young healthy men and women during wakefulness (80) . However, studies designed to explore sex differences in the manifestation of progressive augmentation and vLTF during sleep in healthy humans have not been previously completed. More importantly, differences between men and women with sleep apnea have not been explored during wakefulness or sleep. Exploring the possible differences within this population may be of interest, since sex-related variability in the initiation and maintenance of both progressive augmentation and vLTF could provide a plausible explanation for differences in apnea severity that exist between men and women with similar anthropometric characteristics (9) . Examining differences between the sexes in both healthy individuals and individuals with sleep apnea will also allow us to determine whether the enhanced progressive augmentation and vLTF we observed in men with OSA during wakefulness (34) and attributed to chronic exposure to intermittent hypoxia is also evident in women with OSA during wakefulness and sleep.
Therefore, the purpose of our investigation was to determine the impact of arousal state, sex, and sleep-disordered breathing on the magnitude of progressive augmentation of the HVR and vLTF in humans. Based on previous studies in animals, we hypothesized that the magnitude of progressive augmentation of the HVR and vLTF would be reduced during wakefulness compared with sleep, but would be greater in OSA compared with healthy participants and in men compared with women.
METHODS

Protocol
The Institutional Review Boards of Wayne State University and John D. Dingell Veterans Affairs Medical Center approved the experimental protocol. Seventeen participants with obstructive sleep apnea (OSA) (10 men and 7 women), who were newly diagnosed, naive to treatment with continuous positive airway pressure, and otherwise healthy (i.e., absence of hypertension, diabetes, obesity, and abnormal lung function), completed the protocol. The protocol was also completed by 20 healthy participants (10 men and 10 women) who served as controls. In addition, three other participants were enrolled in the study, but did not complete the protocol. The data from these participants were not included in the analysis. The men and women within the OSA group were matched to control men and women on the basis of body mass index, age, and race. The control participants visited the laboratory on four occasions, whereas the OSA participants completed two additional visits (Fig. 1A) .
During the preliminary visit, the participants were screened to ensure that they were healthy, or in the case of the OSA participants, did not present other comorbid conditions. Once informed consent was obtained, blood pressure was measured, a 12-lead electrocardiogram (ECG) was completed, and a pulmonary function test was performed. All female participants were given a pregnancy test and were excluded from the study if the test revealed a positive result. Likewise, each participant completed health and lifestyle questionnaires and underwent a physical exam. Participants who met all Fig. 1 . Experimental design and intermittent hypoxia and sham protocols. A schematic diagram shows the experimental design (A), and the intermittent hypoxia (B) and sham (C) protocols. Breathing events were recorded for 1 h following the intermittent hypoxia and sham protocol during sleep in the obstructive sleep apnea (OSA) participants. CPAP, continuous positive airway pressure; PETCO 2 , partial pressure of end-tidal carbon dioxide; PETO 2 , partial pressure of end-tidal oxygen; B1, initial baseline period measured under normoxic conditions; B2, second baseline period measured under hypercapnic conditions. inclusion criteria were then exposed to two 2-min episodes of hypoxia to achieve familiarization of the experimental protocol, as well as the experimental apparatus. On successful completion of the preliminary visit, the participants returned for a second visit to complete a baseline polysomnogram. The study was completed to establish the presence of sleep apnea or the lack thereof in the OSA and control participants, respectively. On an ensuing visit, the OSA participants were treated with continuous positive airway pressure (CPAP) during sleep to determine the therapeutic pressure required to maintain airway patency. Thereafter, the healthy and OSA participants were exposed to intermittent hypoxia on two occasions: once during wakefulness, and the other during sleep. The OSA participants completed an additional sham protocol during sleep. The hypoxic and sham studies were randomized, and each study was separated by at least 7 days to avoid any carry-over effect from previous studies. To remove the potential impact of circadian rhythms, all studies completed during wakefulness and sleep were conducted at the same time of day (6 -7 AM). When studies were completed during sleep, the participants arrived at the laboratory at ϳ4:30 AM. Participants were instructed not to sleep in the late evening/early morning hours before arrival, to ensure that sleep would be consolidated during the studies. A supine position was maintained by all participants throughout the studies. Participants were instructed to restrict food intake and consumption of caffeinated beverages 4 -6 h before each study. In addition, a quiet environment was maintained during each study to eliminate the impact of environmental noise (e.g., talking, phone calls) on measures of ventilation during wakefulness and to prevent disruption of sleep during sleep studies. All female participants completed the studies during the follicular phase of the menstrual cycle to eliminate the potential impact of hormone fluctuations and basal body temperature on measures of minute ventilation. The follicular phase was designated as the initial 10 days immediately following menses. If the study was not completed in its entirety during this period, an approximate 2-wk delay was imposed to reestablish the follicular phase and the remaining visits were completed.
The intermittent hypoxia protocol (Fig. 1B) consisted of an initial 10-min period, where baseline measures of room air minute ventilation, tidal volume, breathing frequency, and the partial pressure of end-tidal oxygen (PET O 2 ) and carbon dioxide (PETCO 2 ) were obtained. Subsequently, PETCO 2 was elevated 3 Torr above baseline levels, established during wake or sleep, for 10 min and was sustained at that level throughout the protocol, since we and others previously showed that vLTF was not elicited in humans under conditions of hypo-or isocapnia (24, 30, 31, 50) . Thereafter, twelve 2-min episodes of hypoxia were administered where PETO 2 was maintained at 50 Torr. Each hypoxic episode was followed by a 2-min normoxic recovery period, with the exception of the last recovery period, which was 30 min in duration. During the sham protocol (Fig. 1C) , PETO 2 was maintained at room air during the twelve 2-min episodes. The PETO 2 was accompanied by PETCO 2 values that were elevated 3 Torr above baseline. For the OSA participants, the intermittent hypoxia and sham protocols were administered in conjunction with CPAP treatment maintained at the therapeutic pressure determined for each participant. In addition, breathing events during sleep were recorded for 1 h in the OSA participants immediately following the intermittent hypoxia and sham protocols. During this period, PETCO 2 was uncontrolled, and CPAP treatment was removed.
Instrumentation
Nocturnal polysomnography. During completion of the sleep studies (i.e., screening polysomnogram and administration of intermittent hypoxia and sham protocols during sleep), the sleep-monitoring montage included an electroencephalogram (C3/A2, C4/A1, O1/A2, and O2/A1), electrooculogram, submental electromyogram, and an ECG. Abdominal and chest wall movements were monitored using a piezoelectric band, and upper airway pressure was measured using a pressure transducer (model MPC-500; Millar Instruments, Houston, TX). Airflow, breathing frequency, and inspiratory/expiratory volumes were recorded via a pneumotachograph (model RSS-100HR; Hans-Rudolph, Kansas City, MO) that was attached to a face mask. Measures of end-tidal oxygen (model 17625; Vacumed, Ventura, CA) and end-tidal carbon dioxide (model 17515; Vacumed) were obtained from air expired into sampling tubes that were attached to ports on the face mask. Oxygen saturation (Sa O 2 ) was measured via pulse oximetry (model 3900P; Datex-Ohmeda, Boulder, CO). All physiological variables were analog-to-digitally converted at a sampling frequency of 100 Hz/channel and input into a microcomputer using a commercially available software package (Gamma version 4.0; Astro-Med, West Warwick, RI).
Intermittent hypoxia protocol: control participants. Control participants breathed through a face mask during exposure to intermittent hypoxia throughout wakefulness or sleep. End-tidal oxygen (model no. 17625; Vacumed) and carbon dioxide (model no. 17515; Vacumed) were sampled from two separate mask ports. The face mask was connected to a pneumotachograph (model RSS100-HR; Hans Rudolph) that monitored breath-by-breath changes in minute ventilation and airflow. The pneumotachograph was attached to a two-way valve. The inspiratory port of the valve was connected to a five-way stopcock. Participants inspired either room air or the contents from one of two bags attached to the stopcock that contained either 8% oxygen-balance nitrogen or 100% oxygen. Additionally, the output from a flowmeter was attached to the inspiratory port of the valve. Gas from two cylinders containing 100% oxygen and 100% carbon dioxide was connected to the flowmeter. Thus supplemental oxygen and carbon dioxide could be added to the 8% oxygen-balance nitrogen that was inspired during a given 2-min hypoxic episode to maintain desired levels of PET O 2 (50 Torr) and PETCO 2 (3 Torr above baseline), respectively. Participants breathed from the bag containing 8% oxygen-balance nitrogen during each 2-min hypoxic episode, while hypoxia was abruptly terminated with a single breath from the bag containing 100% oxygen. An ECG was continuously monitored, and SaO 2 was measured with a pulse oximeter (model 3900P; Datex-Ohmeda, Boulder, CO). A 16-bit analog-to-digital converter (AT-MIO-16XE-50; National Instruments, Austin, TX) digitized the analog signals for online computer analysis using software specifically designed for this purpose. The software calculated minute ventilation, PETO 2 , and PETCO 2 on a breath-by-breath basis.
Intermittent hypoxia and sham protocol: OSA participants. The instrumentation employed during exposure to the intermittent hypoxia protocol throughout wakefulness was identical to that described for the control participants (see Intermittent hypoxia protocol: control participants). The instrumentation employed during sleep was similar, with the following exceptions. To carry out the intermittent hypoxia and sham protocols, a patent airway was maintained using CPAP. The breathing circuit consisted of a face mask with an airtight seal connected to a pneumotachograph (model RSS100-HR; Hans Rudolph). The pneumotachograph was attached to a plateau exhalation valve (Respironics, Pittsburgh, PA). The exhalation valve was attached to the CPAP machine. The exhalation valve functioned as an exhaust vent generating a continuous leak path in the breathing circuit. The output from a flowmeter, as well as a cylinder containing 8% oxygen-balance nitrogen, was attached to two ports in the inspiratory line of the CPAP machine. The flowmeter had inputs from two gas cylinders containing 100% oxygen and 100% carbon dioxide, which allowed for supplemental oxygen and carbon dioxide to be added to the 8% oxygen-balance nitrogen that was inspired during a given 2-min hypoxic episode to maintain desired levels of PETO 2 and PETCO 2 , respectively. characterized by the absence of inspiratory airflow for a minimum of 10 s was identified as an apnea. A hypopnea was defined as an event accompanied by a Ͼ50% reduction in airflow that lasted for a minimum of 10 s and was also accompanied by either an arousal or a Ն3% reduction in SaO 2 in the absence of an arousal. The apneahypopnea index was defined as the total number of events per hour of sleep. Segments that were accompanied by arousal and wakefulness were not included in the analysis of data recorded during the intermittent hypoxia or sham trials completed during sleep.
Intermittent hypoxia and sham protocol. During both wakefulness and sleep trials, average values for minute ventilation, tidal volume, breathing frequency, PET CO 2 , PETO 2 , and SaO 2 , henceforth referred to as the physiological variables, were determined for the last 5 min of the initial baseline period, during which participants breathed room air. Similarly, average values for these measures were obtained from the last 5 min of the second baseline period, where PET CO 2 was elevated by 3 Torr. For each 2-min hypoxic episode and the subsequent 2-min normoxic recovery periods, average values of the physiological variables were obtained from the last 30 s of the 2-min periods. The 30-min end-recovery period was divided into six 5-min intervals, and the physiological variables were averaged from each interval. The data analysis for the sham protocol was identical to the intermittent hypoxia protocol. The sham protocol was completed to ensure that the vLTF observed during sleep was a consequence of exposure to intermittent hypoxia rather than other potentially confounding variables. To determine the magnitude of vLTF, the average values of minute ventilation, tidal volume, and breathing frequency from the 30-min end recovery period were compared with the average values from the second 10-min baseline period. The physiological variables measured during the end-recovery period were also standardized to baseline to account for differences in baseline measures that existed between the sexes and arousal states. These measures were also standardized to baseline in the sham protocol.
To calculate the HVR during each episode, the change in the average minute ventilation from the second baseline period to each individual hypoxic episode was divided by the change in average SaO 2 between the two periods. The presence of progressive augmentation was determined by averaging the HVR from the initial two episodes and comparing it to the average HVR of the final two episodes. To determine the magnitude of vLTF, the average values of minute ventilation, tidal volume, and breathing frequency from the 30 min end-recovery period were compared with the average values from the second 10-min baseline period. The physiological variables measured during the end-recovery period were also standardized to baseline to account for differences in baseline measures that existed between the sexes and arousal states. These measures were also standardized to baseline in the sham protocol.
For 33 out of the 37 participants exposed to the intermittent hypoxia protocol during sleep, the physiological variables were recorded during stable N2 or N3 of non-rapid eye movement sleep during the baseline and end-recovery periods. Two participants were in N1 during the baseline and end-recovery periods, whereas, in the remaining two participants, there was a stage change from N2/N3 to N1 sleep from the baseline to the end-recovery period. The data for these latter four participants was included in the analysis, because eliminating the data did not alter the overall findings and statistical significance.
For the 17 OSA participants exposed to the sham protocol, the magnitude of minute ventilation during end-recovery, standardized to baseline, was compared with the intermittent hypoxia trial. In 15 of the 17 participants, the sleep stage between the sham and intermittent hypoxia trials was similar. In two participants, the sleep stage was lighter during the sham compared with the intermittent hypoxia protocol. The data from these latter participants was included in the analysis, because eliminating the data did not alter the overall findings.
Postintermittent hypoxia and sham protocol polysomnography.
For the OSA participants, the apnea-hypopnea index was determined for the first hour of sleep immediately following the intermittent hypoxia and sham protocols. During this time interval, participants were not administered CPAP, and carbon dioxide levels were not controlled. In other words, the participants were not subject to any intervention. The sleep stages during the 1-h postprotocol period were analyzed carefully and compared between protocols, because of the potential impact that sleep stage has on breathing events (65, 66) . The data from two participants was not included in the analysis because the participants were awake during the 1-h period. For 12 of 15 participants analyzed, the sleep stage during at least 50% of the 1-h postprotocol period was similar between the protocols. In the remaining three participants, the sleep stage during at least 50% of the 1-h postprotocol period was deeper following the sham protocol compared with the sleep stage during the period following the intermittent hypoxia protocol.
Statistical Analysis
A two-way ANOVA was used to determine whether age, height, weight, body mass index, apnea-hypopnea index, blood pressure, and scores derived from the Epworth and Stanford sleepiness scales were different between the groups (healthy vs. OSA) and sexes (men vs. women). A repeated-measures ANOVA with two within-factors (arousal state: wakefulness vs. sleep, and period: initial episodes vs. final episodes) and two between-factors (group: OSA vs. control, and sex: men vs. women) was used to compare the HVR measured during the intermittent hypoxia protocol. The absolute measures of minute ventilation, tidal volume, breathing frequency, PET CO 2 , and PETO 2 during the initial baseline were compared between the arousal states, sexes, and groups using a repeated-measure ANOVA. The betweenfactor in the ANOVA were group (OSA vs. control) and sex (men vs. women), and the within-factor was arousal state (wake and sleep). An ANOVA also was used to compare the same physiological measures during the second baseline and end-recovery period of the intermittent hypoxia protocol. The two within-factors were arousal state (wakefulness vs. sleep) and period (second baseline vs. end-recovery). The two between-factors were group (OSA vs. control) and sex (men vs. women). For men and women of the OSA group, a two-way repeatedmeasures ANOVA, in conjunction with a Student-Newman-Keuls post hoc test, was used to compare 1) minute ventilation, tidal volume, and breathing frequency during the end-recovery period of the intermittent hypoxia and sham protocols, expressed as a fraction of the second baseline; and 2) absolute measures of the apnea-hypopnea index following the intermittent hypoxia and sham protocols between and within the men and women with OSA. All data are presented as means Ϯ SE. A P value Յ 0.05 was considered statistically significant. Table 1 shows the anthropometric variables obtained for each group. The groups were matched for age, race, and body mass index; thus these measures were similar between the groups. Within a given sex, participants were matched for height and weight. Consequently, no differences in these variables existed between the healthy men and men with OSA, or between the healthy women and women with OSA. The results show that the participants were relatively young and were not obese, as indicated by the body mass index (Table 1 ). In addition, systolic and diastolic blood pressure measures were within normal limits ( Table 1) . As expected, the apnea-hypopnea index was greater in the OSA participants compared with the healthy participants (P Յ 0.001). The apnea-hypopnea Respiratory Plasticity during Wakefulness and Sleep • Syed Z et al. index in the women with OSA was significantly less than the index measured for the men with OSA (P Յ 0.001), even though the groups were matched for age, race, and body mass index. The Epworth sleepiness scale indicated a history of mild sleepiness in the OSA groups and normal sleep function in the control groups (P Յ 0.03) ( Table 1) . However, scores from the Stanford sleepiness scale indicated normal alertness for both groups on the day of the screening visit ( Table 1 ). The average therapeutic pressure required to eliminate apnea during sleep in the OSA participants was 12.8 Ϯ 0.7 cmH 2 O. When studies were completed during sleep, arousals and wakefulness accounted for 4.9 Ϯ 0.6 min of the 48-min period of hypoxic administration (i.e., twelve 2-min episodes interspersed with 2-min recovery periods) and 2.5 Ϯ 0.6 min of the 30-min recovery period.
RESULTS
Anthropometric Variables and Baseline Sleep Study Measures
Intermittent Hypoxia Protocol: Initial Baseline Period
Absolute measures of the respiratory parameters obtained during the initial baseline (i.e., B1) are shown in Table 2 . Minute ventilation during the initial baseline period was significantly greater during wakefulness compared with sleep within each group (P Յ 0.0001). Minute ventilation was reduced during sleep primarily because of a reduction in tidal volume (P Յ 0.0001) ( Table 2 ). The PET CO 2 during the initial baseline period was similar during wakefulness and sleep (P Յ 0.10) in both the OSA and control groups. However, PET CO 2 in men was greater compared with that in women (P Յ 0.001) ( Table 2 ). The PET O 2 was similar during wakefulness and sleep within a given group or sex (Table 2) .
Intermittent Hypoxia Protocol: HVR and Progressive Augmentation
The HVR during the initial and final two episodes of the intermittent hypoxia protocol was significantly greater during wakefulness compared with sleep in both the OSA and control groups ( Fig. 2 , P Յ 0.0001). Moreover, the HVR during the final two episodes of the intermittent hypoxia protocol was significantly greater than the initial two episodes during wakefulness, but not during sleep ( Fig. 2 , P Յ 0.0001). The progressive increase in the HVR from the initial two episodes To summarize, the results indicate that the HVR was greater during wakefulness compared with sleep, and that the response was progressively augmented over the time course of the intermittent hypoxia protocol. The progressive augmentation of the HVR was evident solely during wakefulness and was enhanced in the OSA group compared with control.
Intermittent Hypoxia Protocol: vLTF
Baseline vs. end-recovery. Figure 3 shows a raw record obtained from one participant exposed to the intermittent hypoxia protocol during wakefulness and sleep. Note that minute ventilation during the 30-min recovery period was significantly greater than baseline during both arousal states, which is indicative of vLTF. However, the magnitude of the increase, relative to baseline, was greater during wakefulness compared with sleep. The response shown in the raw record is similar to the average results. Absolute measures of minute ventilation were greater during recovery compared with baseline (i.e., baseline 2, Table 2 ) for each group within a given arousal state (P Յ 0.0001). Since baseline measures of minute ventilation and tidal volume were impacted by arousal state and sex, the data were expressed as a fraction of baseline to make comparisons between groups. The standardized data show that the magnitude of vLTF was significantly greater during wakefulness compared with sleep ( Fig. 4, P Յ 0.0001) . In addition, the magnitude of vLTF was greater in the OSA group compared with control during both wakefulness and sleep (Fig. 4, P Յ 0.001) . In contrast, the magnitude of vLTF was similar between the sexes for a given group (i.e., healthy or OSA) and arousal state (i.e., wakefulness or sleep).
Contribution of tidal volume and breathing frequency to vLTF. The respective contribution of tidal volume and breathing frequency towards vLTF is shown in Table 2 and Fig. 5 . During the end-recovery period, tidal volume was elevated above baseline values during both wakefulness and sleep in all groups ( Table 2 , P Յ 0.0001). However, the magnitude of this increase was greater during wakefulness compared with sleep ( Fig. 5 , P Յ 0.002). In addition, tidal volume was significantly greater in the OSA group compared with control ( Fig. 5 , P Յ 0.02). On the other hand, breathing frequency during the end-recovery period was significantly greater than baseline only during wakefulness in all groups ( Table 2 , P Յ 0.001). Consequently, long-term facilitation of breathing frequency was greater during wakefulness compared with sleep ( Fig. 5 , P Յ 0.001). No differences in the breathing frequency response were observed between the OSA and control groups or between the sexes. To summarize, tidal volume was the primary component responsible for vLTF during sleep, while both tidal volume and breathing frequency contributed to vLTF during wakefulness, independent of sex or health status.
Intermittent Hypoxia Protocol vs. Sham Protocol
Minute ventilation was significantly greater during the endrecovery period following exposure to intermittent hypoxia compared with sham exposure (Fig. 6 , P Յ 0.002). As mentioned previously (see Contribution of tidal volume and breathing frequency to vLTF), this increase was primarily due to an elevation in tidal volume ( Fig. 7 , P Յ 0.002), with no contribution from breathing frequency. The lack of an increase in vLTF following sham exposure was also reflected in the unchanging tidal volume and breathing frequency response during the end-recovery period (Fig. 7) .
Respiratory Plasticity and Breathing Events
The apnea-hypopnea index measured in the men and women with OSA 1 h after exposure to the intermittent hypoxia or sham protocol during sleep is shown in Fig. 8 . The index was significantly greater following exposure to intermittent hypoxia compared with measures obtained after exposure to the sham protocol in both men and women (P Յ 0.02). Fig. 2 . Measures of the hypoxic ventilatory response (HVR) during the intermittent hypoxia protocol completed during wakefulness and sleep. Average values of the HVR determined for the initial two episodes and the final two episodes of the intermittent hypoxia protocol in men and women of the OSA and control groups are shown. Note that the HVR was greater during wakefulness compared with sleep. Moreover, note that there was a progressive increase in the HVR from the initial two episodes to the final two episodes during wakefulness but not sleep. Furthermore, note that progressive augmentation of the HVR was greater in the OSA group compared with control in both men and women. SaO 2 , Arterial oxygen saturation. Values are means Ϯ SE. ‡Significantly different from initial episodes. †Significantly different from sleep.
DISCUSSION
We showed that the HVR was greater during wakefulness compared with sleep, and that this response was progressively augmented over the time course of the intermittent hypoxia protocol during wakefulness but not during sleep. We also demonstrated that vLTF was elicited during wakefulness and sleep, but the magnitude of vLTF was greater during wakefulness. We also confirmed that the magnitude of progressive augmentation and vLTF was enhanced in the OSA group compared with control. Our results established that sex did not impact on the manifestation or magnitude of progressive augmentation and vLTF during wakefulness or sleep both in healthy individuals, as well as in individuals with sleep apnea. Lastly, exposure to intermittent hypoxia during sleep led to a corresponding increase in respiratory events compared with sham exposure, irrespective of sex.
Methodological Considerations
Participants recruited for our investigation were relatively young, did not suffer from other comorbid conditions (i.e., diabetes, cardiovascular disease, and obesity), and were typically exposed to mild hypoxemia at night. Thus the participants recruited for our investigation were not typical of many patients seen in the sleep clinic, who are older, obese, and often suffer from other comorbid conditions. Consequently, findings from our investigation may be solely applicable to a specific phenotype within the sleep apnea population.
Impact of carbon dioxide on progressive augmentation and vLTF. The confounding effect of carbon dioxide on the manifestation of progressive augmentation and vLTF has been well established in animals as well as humans (41). Long-term facilitation is not fully expressed in unanesthetized rats during wakefulness when accompanied by hypocapnia, likely due to disfacilitation of the peripheral or central chemoreflex (55) . In humans, progressive augmentation and vLTF are not detectable under poikilocapnic or normocapnic conditions (30, 40, 44, 50) ; however, both progressive augmentation and vLTF are evident when carbon dioxide levels are sustained slightly above normocapnic values during hypoxic exposure (21, 24, 34, 80) . Based on these findings, we elevated the carbon dioxide levels 3 Torr above resting values during and following exposure to intermittent hypoxia in the present study. It may be argued that the increase in minute ventilation that we observed during the end-recovery period following exposure to intermit- tent hypoxia was caused by the sustained hypercapnia employed in our protocol. However, we have previously demonstrated that prolonged exposure to sustained hypercapnia did not cause a significant ventilatory drift in healthy men and women and elicited a drift in minute ventilation in men with OSA during wakefulness (24) that was significantly less than the increase observed following exposure to intermittent hypoxia combined with sustained hypercapnia (21) . In the present investigation, we also demonstrated that vLTF observed during sleep in OSA men and women was not a consequence of sustained carbon dioxide levels, since minute ventilation was significantly greater following the intermittent hypoxia compared with the sham protocol.
Impact of diurnal variations on progressive augmentation and vLTF. The presence of diurnal variations in the HVR and vLTF has been previously demonstrated in animals as well as humans. Seifert and Mortola (68) reported that the HVR in adult rats is greater in the light compared with the dark phase. In addition, despite some variability in the findings, there is a strong indication that the HVR in humans varies in a diurnal fashion. Likewise, studies conducted on healthy participants (64, 73) as well as OSA participants (20, 21) have shown that the magnitude of the HVR and vLTF is different in the morning compared with the evening. More specifically, we found that the HVR was greater and vLTF was reduced in the morning compared with the evening (21) . Consequently, in the present investigation, studies during wakefulness and sleep were conducted in the morning in an attempt to eliminate the impact of diurnal rhythms on the manifestation and magnitude of progressive augmentation and vLTF. For the sleep studies, participants were asked to arrive at the lab 2 h before the initiation of the study and were instructed not to sleep in the late evening/early morning. Therefore, in some cases, participants may have been sleep deprived at the onset of the study. However, if this were the case, we believe that the degree of sleep deprivation was mild, since the participants' normal bedtime on average was in the early morning (i.e., 1 AM) and some participants reported napping during the day of the study. Moreover, the magnitude of vLTF was similar to that reported in previous studies that were completed during sleep in the late evening/early morning (15, 62, 71) . This similarity supports the notion that the reduction in vLTF during sleep was a consequence of arousal state and not sleep deprivation.
HVR
Exposure to hypoxia led to a corresponding increase in minute ventilation, which is characteristic of the HVR. Our results showed that, within a given state (i.e., wake vs. sleep), the HVR was similar between men and women, independent of health status. This finding is in contrast to the results of Douglas and colleagues (17) , which indicated that the HVR Fig. 4 . Minute ventilation during the end-recovery period expressed as a fraction of baseline measured during wakefulness and sleep. Note that ventilatory long-term facilitation (vLTF) was elicited during both wakefulness and sleep in both OSA and control groups; however, the magnitude of vLTF was greater during wakefulness compared with sleep. Also note that the magnitude of vLTF was more enhanced in the OSA group compared with control during both wakefulness and sleep. Values are means Ϯ SE. †Significantly different from sleep.
⌽ Significantly different from control. was greater in men compared with women during wakefulness, but is similar to the findings of White et al. (81) and Tarbichi et al. (75), who reported that the HVR was similar in men and women during sleep. In the present study, we also showed that the HVR was greater during wakefulness compared with sleep, irrespective of sex and health status. This difference was due to a greater change in minute ventilation during the hypoxic exposure and not due to variations in the intensity of the stimulus, which was similar between arousal states. Our finding replicates the results of Douglas and colleagues (17) , as well as Berthon-Jones and Sullivan (6) , who showed that the HVR was reduced during sleep compared with wakefulness in healthy men (6, 17) and women (17) . However, our findings are in contrast to a study completed by the same group, which reported that the HVR was similar during wake and non-rapid eye movement sleep in healthy premenopausal women (81) . Lastly, our results showed that the HVR was not significantly different between the healthy and OSA participants, independent of arousal state. There are equivocal results in the published findings with respect to the magnitude of HVR in OSA participants compared with healthy controls. One study reported that the HVR compared with control participants is increased in the OSA participants (53), while others have shown that it is decreased in OSA participants compared with control (56, 74) . Our finding is surprising, given that individuals with sleep apnea are chronically exposed to intermittent hypoxia, which is thought to enhance the ventilatory sensitivity to hypoxia (48, 52, 61) . Under such circumstances, one would expect the HVR to be greater in the OSA population. However, it is possible that the difference only manifests after a more intense or prolonged exposure to hypoxia. Indeed, our laboratory has shown previously that the ventilatory response to hypercapnia/hypoxia during the completion of a modified rebreathing protocol was greater in OSA individuals compared with healthy controls following exposure to intermittent hypoxia (34) . This was also the case in the present study (see OSA vs. Control: Progressive Augmentation and vLTF).
Arousal State
Progressive augmentation and vLTF. In the present study, progressive augmentation of the HVR was evident during wakefulness, but not during sleep, in both the OSA and control groups, irrespective of sex. In addition, vLTF was evident during both wakefulness and sleep in both healthy men and women, as well as in men and women with OSA. However, the magnitude of the response was greater during wakefulness compared with sleep, independent of sex. These results confirm previous findings, which showed that progressive augmentation and vLTF can be initiated during wakefulness in healthy men and women (24, 80) and in OSA men (21, 34) . We have added to the published findings by showing that progressive augmentation and vLTF can be initiated in women with OSA during wakefulness as well as sleep.
The absence of progressive augmentation in healthy individuals during sleep was reported previously by Chowdhuri and colleagues (14) . Moreover, our analysis of published results (42) suggested that the magnitude of vLTF could be less during sleep compared with wakefulness, although the initiation of vLTF during sleep has been variable and dependent on experimental conditions and/or populations (see OSA vs. Control for further discussion). However, whether differences in the initiation of progressive augmentation or manifestation of vLTF during wake and sleep were a consequence of arousal state or were due to differences in experimental design could not be deciphered. The present investigation has established that, despite the initiation of progressive augmentation during wakefulness, exposure to an identical stimulus during sleep does not initiate this phenomenon in healthy men and women, and in men and women with sleep apnea. Likewise, in these populations, we have established that vLTF can be elicited during sleep, but that the magnitude is significantly less compared with the amplitude of the phenomenon during wakefulness. Moreover, our results show that both breathing frequency and tidal volume contribute to vLTF during wakefulness, while tidal volume alone is responsible for the vLTF observed during sleep. Thus the pattern generator may have a greater role in the manifestation of vLTF during wakefulness in humans.
Mechanisms (arousal state). It is possible that serotonin could, in part, be responsible for the magnitude differences in progressive augmentation and vLTF that was evident during wakefulness and sleep, since intermittent application of serotonin on ex vivo carotid bodies elicits a progressive increase in carotid sensory nerve activity (60) , and the application of methysergide eliminates the enhanced phrenic and recurrent laryngeal response to hypoxia following intermittent hypoxia (5) . In addition, a number of studies have provided strong evidence that serotonin plays an important role in the initiation of vLTF or phrenic nerve long-term facilitation (3, 36, 45, 47, 54) . Most importantly, the rate of discharge of serotonergic neurons located in the raphe nucleus is considerably diminished during sleep compared with wakefulness, where the rate of discharge is close to maximal (25, 28, 29, 79) . If the basal discharge rates of serotonergic neurons are close to maximal, there is likely a limited capacity to increase activity following administration of intermittent hypoxia. Consequently, the magnitude of progressive augmentation or vLTF could be marginal under these circumstances. Conversely, if the basal rate of discharge is diminished, as it is during sleep, there might be room for a greater range of activity after administration of intermittent hypoxia, before maximum rates are achieved. Thus the magnitude of progressive augmentation or vLTF could be greater compared with wakefulness. Indeed, a few studies have supported this hypothesis, since the magnitude of vLTF (51, 77) as well as diaphragm LTF (76) was greater during sleep compared with wakefulness in unanesthetized rats. However, contrary to the findings in rats, our investigation showed that progressive augmentation was not elicited, and the magnitude of vLTF was significantly diminished during sleep compared with wakefulness. Thus, if serotonin does impact on the manifestation of these phenomena, it may not be principally dependent on a greater dynamic range of activation of serotonergic neurons in humans.
Alternatively, it is possible that the mechanism responsible for the manifestation of progressive augmentation and vLTF may be independent or only partially dependent on serotonin. Indeed, in a few studies, administration of a 5-HT receptor antagonist did not alter the magnitude of progressive augmentation in anesthetized rats and cats (19, 54) , indicating that other neuromodulators might impact on the phenomenon, depending on the conditions. With respect to vLTF, the serotonin-dependent mechanism was thought to be the sole pathway responsible for intermittent hypoxia-induced vLTF until a study completed by Golder et al. (22) showed that LTF is also elicited by the activation of A 2A receptors in anesthetized rats. More recently, Nichols et al. (54) demonstrated that the A 2A and 5-HT 2 receptor-mediated cellular pathways that initiate LTF, which were designated the G s and G q pathways, respectively, are distinct from each other. Nichol and colleagues (54) further demonstrated that these two pathways influence each other via cross-talk inhibition, since activation of the G s pathway diminished the magnitude of LTF generated initially by the G q pathway. Extracellular adenosine, a metabolic end product, transiently increases during wakefulness, and the corresponding accumulation promotes the induction of sleep through the actions of A 1 and A 2A receptors (26, 43) . It could be that the increase in adenosine levels that occurs with prolonged wakefulness may promote the G s pathway and via cross-talk inhibition diminish the influence of the G q pathway. Conversely, since the wakefulness studies were completed early in the morning shortly after the subjects had woken up, the levels of adenosine were most likely at their lowest as they gradually decline during sleep. This reduction in adenosine may have caused the cross-talk inhibition of the Q pathway to be weakened and, therefore, may have resulted in a more enhanced vLTF during wakefulness.
The difference in the magnitude of vLTF that we observed between the arousal states could also have been influenced by orexin, since these neurons innervate serotonergic raphe neurons (7) that impact on the manifestation of vLTF. Indeed, Terada et al. (77) demonstrated that orexin is necessary in eliciting LTF, as it was absent in the prepro-orexin knockout mice. Based on these findings and given that our intermittent hypoxia protocol consisted of mild hypercapnia, we speculate that orexin may have also contributed to the enhanced magnitude of vLTF that was observed during wakefulness in the present study. Hence, progressive augmentation and vLTF are likely impacted by the interaction of various neuromodulators that include, but are not limited to, serotonin, adenosine, and orexin. The absence of progressive augmentation and the diminution of vLTF during sleep relative to wakefulness do not preclude these phenomena from being altered in the sleep state. Indeed, in anesthetized rats, progressive augmentation is generally not observed following exposure to an intermittent hypoxia protocol of moderate severity (54, 63) , but has been observed following exposure to a more severe intermittent hypoxia protocol (54) . Likewise, the magnitude of vLTF has also been shown to be enhanced after exposure to severe compared with moderate intermittent hypoxia. Since the intermittent hypoxia protocol used in our study was of moderate severity, it can be speculated that a more intense protocol may result in the manifestation of progressive augmentation during sleep as it did in anesthetized rats (54) , while a less severe stimulus is required for the initiation of these phenomenon during wakefulness.
OSA vs. Control
Progressive augmentation and vLTF. Progressive augmentation of the HVR and vLTF was enhanced in men and women with sleep apnea compared with healthy participants during wakefulness in the present investigation. These results confirm our previous findings in men and have shown for the first time that this difference also exists between healthy women and women with OSA. We also showed that vLTF was evident during sleep in both healthy men and women, and men and women with sleep apnea, and that the magnitude of the phenomenon during sleep was greater in individuals with OSA.
Our finding that vLTF was elicited during sleep in both healthy participants and participants with OSA is an important finding, since this phenomenon has not been consistently observed. Babcock and colleagues (2) reported initially that vLTF could only be initiated during sleep in participants with inspiratory flow limitation. Alternatively, vLTF was abolished following the elimination of inspiratory flow limitation with CPAP in individuals with sleep-disordered breathing and was not evident in healthy individuals (2) . In contrast, we have shown that the vLTF is evident in men and women with sleep apnea after reducing flow limitation with CPAP and in healthy individuals. The reason for the discrepant findings remains to be determined. However, our laboratory has previously shown during wakefulness that vLTF is not evident when carbon dioxide is sustained at or below normocapnic levels (40, 50) , but is apparent when carbon dioxide is sustained above baseline levels (24, 34) . It is possible that the level of sustained carbon dioxide is responsible for the differences observed during sleep in the present study compared with the previous studies (1, 2), as the carbon dioxide levels in these studies were maintained at (1) or below normocapnic levels (2) , in contrast to the present investigation. Indeed, finer control of carbon dioxide levels was also considered to be a viable reason for the manifestation of vLTF that was eventually reported during sleep in healthy individuals (62) . Thus we have established that vLTF can be elicited during sleep in both healthy individuals and individuals with OSA, and that the magnitude of the response is greater in individuals with OSA.
Mechanisms (healthy vs. OSA).
Enhancement of progressive augmentation and vLTF in men and women with OSA could be due to previous chronic exposure to intermittent hypoxia, a hallmark of sleep apnea. Support for this hypothesis comes from a number of studies that have reported that chronic exposure to intermittent hypoxia leads to accumulation of reactive oxygen species in animals, which contributes to the initiation and enhancement of long-term facilitation (57) (58) (59) . Likewise, work completed in healthy humans has shown that chronic exposure to intermittent hypoxia leads to progressive augmentation of the HVR (32, 38, 69) . In addition, our laboratory has shown previously that daily exposure to intermittent hypoxia enhances the HVR and vLTF in humans with OSA (21). We and others have also demonstrated that biomarkers of oxidative stress are elevated in individuals with OSA compared with healthy individuals (12, 33, 34) under baseline conditions, and that exposure to intermittent hypoxia increases the level of oxidative stress in OSA but not control participants (34) . Lastly, administration of an antioxidant cocktail reduces the magnitude of progressive augmentation and vLTF in OSA participants compared with the responses following placebo administration (34) . Collectively, the published evidence suggests that chronic exposure to intermittent hypoxia and its link to the accumulation of reactive oxygen species may be responsible for the enhancement of the HVR and vLTF that was evident in the OSA participants during wake and sleep in the present investigation.
Sex
Progressive augmentation, vLTF, and mechanisms. As outlined above (see Arousal State, Progressive augmentation and vLTF), the manifestation and magnitude of progressive augmentation and vLTF were similar between the sexes, independent of health status (i.e., healthy vs. OSA) and arousal state. This finding is similar to our previous results, which showed that the magnitude of progressive augmentation and vLTF were similar in healthy men and women during wakefulness. The absence of any sex differences is somewhat surprising considering that differences, with respect to these forms of plasticity, have been observed in other animals. Long-term facilitation has been shown to be greater in young male rats compared with young female rats, while the magnitude of LTF is greater in middle-aged female rats compared with males of a similar age (83) (84) (85) . The magnitude of LTF is thought to be linked to levels of testosterone in males. Gonadectomy in male rats abolishes LTF, while LTF is reinstated upon testosterone replacement (85) . Interestingly, it has been shown that a reduction in 5-HT synthesis also occurs following gonadectomy in adult male rats (37) . Thus it is possible that the reduced testosterone levels impact the magnitude of LTF by influencing serotonin production. Similarly, the magnitude in female rats is thought to be linked to serotonergic activity, which varies with the estrous cycle. Estrogen has been shown to cause a two-to threefold increase in 5HT 2A receptor mRNA in rats (46) and has been shown to increase the expression of tryptophan hydroxylase in primates (8) . Since ventilation is stimulated by high levels of circulating progesterone (72) , it also leads to an enhanced HVR in the presence of high levels of this hormone (35) . Furthermore, a combination of both estrogen and progesterone enhances the HVR more than progesterone alone (23, 67) . Hence, the effects of the various sex hormones on ventilation as well as the synthesis and function of serotonin provide strong support for the notion that sex-specific hormones and events impact the manifestation and magnitude of progressive augmentation and vLTF differently.
Since young men and women were recruited to participate in the present study, we hypothesized that the magnitude of progressive augmentation and vLTF would be greater in men compared with women. However, this was not the case. It is possible that the similarities observed between the sexes occurred because the women completed the studies during the follicular phase of the menstrual cycle. This may have removed the influence of certain hormones, particularly estrogen and progesterone, which resulted in the similarities that were observed. However, Zabka et al. (83) (84) (85) reported that the magnitude of LTF in young male rats was greater than that in female rats, irrespective of the estrous cycle. Nonetheless, an investigation tightly controlling for hormone levels during the luteal phase of the menstrual cycle may reveal a significant sex difference in the manifestation and magnitude of progressive augmentation and vLTF. Conversely, the absence of a sex difference could be simply due to a lack of power, which prevented us from detecting small differences between men and women in the follicular phase of the menstrual cycle. To address this issue, a much larger sample size may be required.
Physiological Significance: Respiratory Plasticity and Breathing Events
In our investigation, we measured breathing events in men and women with sleep apnea for 1 h after exposure to the intermittent hypoxia and sham protocols. During this time period, events were measured without any intervention (i.e., CPAP was removed and carbon dioxide levels were not controlled). Our results revealed that the number of breathing events were increased following exposure to intermittent hypoxia compared with the sham protocol. It might be argued that the time period was too short to reflect accurately the severity of sleep-disordered breathing. Nonetheless, our findings are similar to our laboratory's previous results (82) , which were measured over a longer time period (i.e., 3 h) and showed that the apnea-hypopnea index was increased after exposure to intermittent hypoxia. We have added to the previous findings in that we have shown that this increase occurs in both men and women with sleep apnea. Moreover, we showed that the increase in severity was similar between men and women. We did not expect this latter result since sleep apnea is more prevalent in men compared with women (9) with similar anthropometric measurements. Thus we hypothesized that the increase in apnea severity might be greater in men compared with women. However, even though baseline measures indicated that the number of breathing events were greater in men, the increase in apnea severity following exposure to intermittent hypoxia compared with the sham study was similar in both men and women with OSA.
Given that our laboratory proposed previously (41) that vLTF and LTF of upper airway muscle activity might have a role in mitigating apnea, our result may be unexpected on initial consideration. However, given that the manifestation of vLTF and long-term facilitation of upper airway muscle activity are dependent on the maintenance of carbon dioxide levels (24) , it is possible that these phenomena did not manifest themselves, because carbon dioxide levels were uncontrolled while breathing events were measured. Based on this possibility, it might be argued that long-term facilitation typically does not manifest itself throughout the night in individuals who are naturally exposed to intermittent hypoxia because of the accompanying hypocapnia that is often induced by hyperventilation upon arousal from an event. This may be the case, since clinical studies have reported that apnea severity increases throughout the night (10, 13, 18, 70) , indicating the absence of factors that might mitigate apnea. Nonetheless, even though our model of elevating the carbon dioxide levels by 3 Torr does not accurately simulate the characteristic fluctuations in carbon dioxide that are experienced by individuals with sleep apnea, our findings might have implications for the treatment of sleep apnea. The maintenance of carbon dioxide during sleep could promote the manifestation of respiratory plasticity and ultimately be used as a tool to mitigate apnea in some individuals with sleep apnea.
The increase in apnea severity following exposure to intermittent hypoxia indicates that detrimental forms of plasticity might be responsible for our findings (41) . Indeed, progressive augmentation of the ventilatory sensitivity to hypoxia and hypercapnia during and following exposure to intermittent hypoxia (31, 40) has been linked to reductions in the carbon dioxide reserve (15) . The accompanying reduction in the carbon dioxide reserve could lead to a profound hypocapnia induced by the ventilatory overshoot that accompanies respiratory arousal. The induced hypocapnia could promote breathing events (4) . Indeed, increased sensitivity of the HVR has been linked to increases in apnea severity (82) . In the present investigation, progressive augmentation of the HVR did manifest itself during wakefulness, providing support for our model that is predicated on the role that the ventilatory response to hypoxia and/or hypercapnia during wakefulness has on the induction of hypocapnia before reestablishing sleep.
